Rodentia is the most species-rich mammalian order and includes several important laboratory model species. The amount of new information on karyotypic and phylogenetic relations within and among rodent taxa is rapidly increasing, but a synthesis of these data is currently lacking. Here, we have integrated information drawn from conventional banding studies, recent comparative painting investigations and molecular phylogenetic reconstructions of different rodent taxa. This permitted a revision of several ancestral karyotypic reconstructions, and a more accurate depiction of rodent chromosomal evolution.
INTRODUCTION
Rodents have a cosmopolitan distribution with range extensions often associated with human movement. After their divergence from a common ancestor with Lagomorpha B65 My ago, rodents have undergone an impressive radiation leading to the high number of species observed today (Huchon et al., 2002; Benton and Donoghue, 2007) . Rodents currently represent the most abundant mammalian order-they comprise about 42% of all living mammals, and include 2277 defined species (Carleton and Musser, 2005) . Some rodents are used extensively in biomedical research and this has stimulated interest in the study of this group.
Modern taxonomy recognizes 5 suborders (Anomaluromorpha, Castorimorpha, Hystricomorpha, Myomorpha and Sciuromorpha) and 33 families. Sciuromorpha (including sciurids, mountain beaver and dormice), Myomorpha (muroids, jerboas and jumping mice) and Hystricomorpha (gundis, porcupines and caviamorphs) have all received good support as monophyletic taxa based on morphological and molecular data analysis. The evidence for the recognition of Castorimorpha and Anomaluromorpha is less persuasive. The degree of karyotype scrutiny varies within suborders but support nonetheless exists for the division of Rodentia into five subordinal groups.
KARYOTYPIC FEATURES OF RODENTS
Karyotypes of rodents were initially investigated by conventional cytogenetics that provided information on chromosome number and morphology. Interesting observations included the extreme variability of diploid chromosome number (from 2n¼10 to 2n¼102) and the presence of B-chromosomes in some species (Supplement Data 1). Moreover, before the development of chromosome banding, Matthey (1972) studied numerous rodent groups and described various cases of chromosomal polymorphisms and unusual sex chromosome systems. He led much of the thinking on the occurrence of unequal rates of chromosome evolution in different rodent groups, the existence of ancestral karyotypes, and the direction of karyotypic evolution.
These ideas were subsequently supported to a large extent by comparative G-, Q-, R-banding studies that revealed chromosomes/ chromosomal regions with similar banding pattern that led authors to assume homology by descent. These data also showed high levels of chromosomal conservation in certain taxa. For instance, the sciurids were proposed to have conserved karyotypes similar to the hypothesized ancestral karyotype of Rodentia (Petit et al., 1984; ViegasPéquignot et al., 1986) . The karyotypes of castorimorph and anomaluromorph rodents were also considered conserved (Ward et al., 1991) . In contrast, there was evidence to suggest that the karyotypes of myomorphs are highly reorganized (Graphodatsky, 1989) . Additionally, significant heterochromatic variation (Patton and Sherwood, 1982; Graphodatsky, 1989; Svartman et al., 2005 among others) was noted, as were fascinating sex determining systems (for example, Fredga, 1983 ) and the frequent presence B-chromosomes (Trifonov et al., 2002) .
NEW INSIGHTS INTO KARYOTYPIC EVOLUTION IN DIFFERENT RODENT CLADES
Cross-species chromosome painting is currently the method of choice for comparative cytogenetic studies in rodents. Labeled whole chromosome probes are used to highlight the regions of homology by fluorescent in situ hybridization. The first successful chromosome painting was reported by Scherthan et al. However, only a few human probes were localized on mouse chromosomes and it is likely that the highly rearranged nature of the mouse genome contributed to the limited success in chromosome painting between mouse and human (Ferguson-Smith et al., 1998) . More detailed comparison between human and mouse were facilitated by the availability of whole genome sequences for both species (Guigo et al., 2003) . The first genome-wide comparison between two rodent genomes (Mus musculus and Rattus norvegicus) by comparative chromosome painting was made in 1999 resulting in the almost simultaneous publication of papers by Grutzner et al. (1999) , Guilly et al. (1999) and Stanyon et al. (1999) . Since then, over 100 rodent genomes from all major taxa have been analyzed resulting in the availability of comparative chromosomal maps and a more detailed analysis of karyotypic evolution in several of the major taxonomic groups (Table 1, Supplement Data 2). 
Sciuromorpha
The suborder Sciuromorpha is well supported as a monophyletic taxon by both morphological and molecular data (Murphy et al., 2001; Waddell et al., 2001; Churakov et al., 2010) and is subdivided into three families-Aplodontiidae, Sciuridae and Gliridae. Comparative chromosome painting subsequently allowed a more precise comparison of sciuromorph genomes and currently 17 species (of 307) have been examined by this technique (Table 1) , mostly belonging to Sciuridae. Three species of Gliridae have also been studied. These investigations relied predominantly on human (Homo sapiens, HSA) paints, although two sciuromorph-specific sets of painting probes were developed from the flow-sorted chromosomes of Sciurus carolinensis and Tamias sibiricus and used in comparative painting experiments (Li et al., 2004; Beklemisheva et al., 2011) .
Studies of ground squirrels confirmed the general tendency for sciurid genome conservation and these data permitted a revision of the putative sciurid karyotype (Richard et al., 2003) . The HSA 1/8 and HSA 2/17 associations previously found in sciuromorphs (and considered to represent the sciurid ancestral condition) are absent in the Eurasian ground squirrels-sousliks and woodchucks-while HSA 10/ 13 and HSA 8/4/8/12/22 are disrupted in four Spermophilus species. Some ground squirrels (Xerus, Menetes) and the flying squirrel (Petaurista) have highly conserved karyotypes that are probably very similar to the ancestral squirrel karyotype and do not differ significantly from that of Rodentia (Richard et al., 2003; Stanyon et al., 2003; Li et al., 2004 Li et al., , 2006a Beklemisheva et al., 2011) . In contrast to the general conservation of syntenic groups, most sciurid genomes are characterized by variation in the size and distribution of heterochromatin; additionally, multiple centromeric shifts have been reported in some species (Beklemisheva et al., 2011) . Importantly, however, because of the slow rate of karyotype change and some convergence of characters, cytogenetic evidence failed to resolve close associations within Sciuridae.
The availability of comparative banding and painting data led to suggestions of a putative ancestral karyotype for Sciuridae (Richard et al., 2003; Li et al., 2004; Beklemisheva et al., 2011) . The consensus is that this comprised 38 elements corresponding to the following human chromosomes and/or segmental associations: HSA 9/11, 1/ 10p, 3/21, 16q/19q, 7/16p, 20/15/14, 1pq/8q, 10q/13, 2q/17, 7/ 22qprox/12qdist, 8p/4q/8p/12pq/22qdiss, 3/19p (Supplement Data 3) (Li et al., 2004 (Li et al., , 2006a Beklemisheva et al., 2011) . The karyotypes of Gliridae are also relatively conserved. Comparison of three Eliomys species made by fluorescence in situ hybridization (FISH) using human probes and RBG-banding (R-bands by BrdU using Giemsa) revealed the retention of several eutherian ancestral syntenies in their genomes (Sannier et al., 2011) . As karyotypes of other glirids have not yet been studied, and because the different Eliomys karyotypes are conserved, one might consider the E. melanurus syntenies to reflect the chromosomal signatures for glirids in general. Importantly, however, representatives of Aplodontiidae, as well as other glirid genera, have not been included in comparative FISH experiments, and it is possible that these data could shed additional light on the composition of an ancestral karyotype for Sciuromorpha.
Anomaluromorpha
The monophyly of anomaluromorphs was recently confirmed by DNA sequences (Montgelard et al., 2008; Blanga-Kanfi et al., 2009) . Nine extant species are currently recognized in the suborder. The taxon is poorly studied at a chromosomal level (the diploid chromosome number is known for only one species). There are no descriptions or comparisons of banded chromosomes between representatives of this group. The karyotype of only one species-Pedetes capensis-has been investigated using human painting probes (Graphodatsky et al., 2008) . Surprisingly, some characteristic human chromosomal associations were not detected in P. capensis, that is, the HSA 7/16, and 16/19 as well as core glires HSA 1/10, 9/11 (Supplement Data 3). As the basal position of Sciuromorpha is well supported by different phylogenies (Murphy et al., 2001; Huchon et al., 2002; Adkins et al., 2003; Debry, 2003; Blanga-Kanfi et al., 2009; Churakov et al., 2010) , fissions of the ancestral chromosomal signatures (or break points in close proximity to these regions) suggest considerable reorganization of the P. capensis genome, and possibly in the genomes of all anomalurids.
Castorimorpha
The Castorimorpha has traditionally been included in the sciuromorpha-like rodent group because of similar morphological traits (see Carleton and Musser (2005) and references therein). The latest molecular data suggest, however, that these species should be considered a separate taxon independent from Sciuromorpha (Blanga- Kanfi et al., 2009; Horn et al., 2011) . According to current taxonomy, Castorimorpha includes beavers, pocket and kangaroo mice, pocket gophers-some 102 species in all. Karyotypes of only two species have been described using banding techniques-Castor fiber and C. canadensis (Genest et al., 1979 ; Atlas of mammalian chromosomes, 2006). Castor fiber is the only species investigated by comparative chromosome painting (Beklemisheva et al., 2011) . Characteristic placental associations such as HSA 7/16, 14/15, 16/19 (as well as some regarded as core to Glires, that is, HSA 1/ 10, 9/11) were not detected in the beaver genome supporting their placement (and that of the whole suborder) into a distinct clade (Supplement Data 3) (Graphodatsky et al., 2008) .
Hystricomorpha
The representatives of this suborder are poorly studied by comparative cytogenetics. Although some species were described using banding techniques (see Atlas of Mammalian Chromosomes, 2006) there are only three recent publications involving hystricomorph species in chromosome painting studies.
Seven Bathyergidae and one species of Thryonomyidae were compared using naked mole rat probes (Deuve et al., 2006 (Deuve et al., , 2008 . The investigators' defined autosome-gonosome translocations, fusions and fissions as the major trends of karyotypic evolution in both families. Unfortunately, the lack of a link to human chromosomes does not permit conclusions on possible human associations specific to Bathyergidae and Thryonomyidae. The complexity of chromosomal evolution within Cavia and allies was initially reported by Viegas-Péquignot et al. (1986) . Reciprocal chromosome painting between human and Guinea pig (Cavia porcellus) subsequently localized human paining probes to hystricomorph chromosomes (unpublished data). Only three adjacent chromosomal syntenies, signatures common to most placentals, are retained in the C. porcellus genome: HSA 3/21 and HSA 12/22 (twice). HSA 4/8/4 was also identified, but reciprocal painting showed that it was formed by different segments of human chromosomes 4 and 8 to those in other rodents. The fact that the placental signatures HSA 4/8p, 7/16, 14/15, and glirid signatures HSA 1/10, 3/ 19, 7/16, 8p/4/8p, 9/11, 14/15, 16/19 , are absent in Cavia, indicates that its genome has undergone significant reorganization through fusions and fissions (Supplement Data 3) confirming that the Hystricomorpha represent yet another rodent suborder with unusually high rates of genome evolution. Interestingly, comparative chromosome painting demonstrated that the karyotypes of two Guinea pigs-C. porcellus and C. tschudii-are identical (unpublished data) suggesting that additional painting data are needed to establish, which associations are characteristic for suborder.
Myomorpha
Nearly one-third of all rodent species belong to the suborder Myomorpha making this taxon particularly appealing for evolutionary studies. The majority of studied species belong to two large families within Muroidea-the Cricetidae and Muridae. Only few representatives of other families have been included in comparative cytogenetic investigations. Nonetheless, comparative cytogenetic data show that high karyotypic reshuffling is characteristic for Myomorpha (for example, Stanyon et al., 1999) but that the elevated rate of chromosomal change was not accompanied by a rapid evolution of morphological features. Generally, the group has been reasonably well investigated by conventional cytogenetics, while 71 species have been investigated by comparative chromosome painting. With one exception (Sicista betulina), all studied species belong to the superfamily Muroidea.
It is important to note that the 'catastrophic' reorganization of myomorph genomes (characterized by a significant change of the whole genome, including the formation of a new linkage groups characteristic only for the given taxon, see Graphodatsky, 1989) made their study by the direct hybridization to human painting probes problematic. Consequently, a variety of myomorph probes was developed in order to compare karyotypes within the group (Table 1) . However, in spite of these resources, in most instances laboratory mouse paining probes were used to make comparisons among the Myomorpha because these are commercially available. This led to their use as a common reference for the various species. In comparison to the most other muroids, however, mouse chromosomes are highly rearranged and this has detracted to some extent from their use in comparative studies in preference to those derived from species with conserved genomes (largely because of the difficulties in the interpretation of hybridization results).
Cricetidae
The family comprises 681 species grouped in 6 subfamilies. Representatives of four subfamilies have been included in comparative chromosome painting experiments (Table 1 ) but a reconstruction of the karyotypic relationships within Cricetidae has not been attempted.
Cricetinae
The subfamily contains 19 species from 7 genera. The first data obtained using comparative chromosome painting with golden hamster (Mesocricetus auratus, MAU) painting probes (Romanenko et al., 2006 (Romanenko et al., , 2007b revealed that the karyotypes of some closely related species differed greatly. Chromosome painting data are currently available for 14 species of 6 hamster genera including M. auratus and Cricetulus griseus (Yang et al., 2000) . Comparative painting and banding within the group permitted the analysis of chromosomal evolution and karyotype relationships within the subfamily resulting in findings that are in broad agreement with molecular data (Neumann et al., 2006) . It was determined that Mesocricetus, Tscherskia, Phodopus and Cricetus represent a monophyletic clade (Neumann et al., 2006; Romanenko et al., 2007b) . Moreover, different chromosomal rearrangements are characteristic for different lineages. For example, the derivation of Phodopus karyotypes necessitates the complex fission and fusion of ancestral chromosomes. Robertsonian fusions, and appearance of additional heterochromatin blocks, characterized the karyotype evolution of Mesocricetus, while inversions are important in shaping the chromosomes of Allocricetulus, Cricetulus and Cricetus.
In the case of the greater long-tailed hamster, Tscherskia, comparative chromosome painting data provided important characters for the separate status of the genus. Tscherskia triton was long considered part of Cricetus because of morphological similarities. Conventional banding analysis has shown several partial chromosomal homologies between T. triton and other Cricetus species (Radjabli, 1975) . However, painting showed extensive intra-and extra-chromosomal rearrangement in T. triton strongly supporting a separate position for the genus within Palaearctic hamsters (Romanenko et al., 2007b) . This conclusion was subsequently confirmed by molecular data (Lebedev et al., personal communication).
On the basis of the defined signatures, we propose an Ancestral Cricetinae Karyotype with 2n¼48-54. This variation in diploid number is the result of uncertainty concerning the number of segments of M. musculus (MMU) 14 and 15, that is, their presence in the karyotype as one or two fragments (Supplement Data 4, 5). Another problem is the association MMU 11/5/14. It is currently not possible to ascertain whether there was only one chromosome combining segments MMU 5, 11 and 14, or two chromosomes homologous to MMU 5/14 and MMU5/11. However, as Arvicolinae species (see below) have two segments homologous to MMU 5 in their karyotypes, the presence of MMU 11/5/14 seems more likely. Consequently, an Ancestral Cricetinae Karyotype with 2n¼48 containing MMU 1/17, 2, 3, 4, 4, 5/16, 6, 6/17, 7, 7/19, 8, 8/2/13, 9, 10, 10/17, 11/5/14, 11/17/16, 12, 12/ 17, 13/15, 15/1/17, 17/1/10/17, 18, X and Y is proposed.
Arvicolinae
The subfamily includes voles and lemmings. Diploid numbers range from 2n¼17 in Ellobius lutescens and Microtus oregoni to 2n¼64 in M. longicaudus. G-banded chromosomes of 50 arvicoline species were summarized in the Atlas of Mammalian Chromosomes (2006). The subfamily includes species with several striking cytogenetic features: the presence of B-chromosomes in some, unusual systems of sex chromosomes in others (Dicrostonyx, Ellobius and Microtus) and giant sex chromosomes in Microtus agrestis (Supplement Data 1).
Most representatives of Microtus have been included in comparative painting investigations. The limited variation in external morphology has been a significant challenge in Microtus classification and this has made cytogenetic data important for solving problems of vole taxonomy. A comparison of eight Microtus species using M. agrestis painting probes allowed reconstruction of a putative ancestral karyotype and insights to karyotype evolution within the taxon . Surprisingly, cross-species chromosome painting in Microtus revealed no rearrangements that clearly support the branching pattern depicted in the molecular tree (see Lemskaya et al., 2010) . Karyotypes of grey voles are generally characterized by the conservation of large ancestral syntenies suggesting that Robertsonian translocations predominate in the karyotype evolution of these species (Li et al., 2006b; Lemskaya et al., 2010) .
Reorganization of several ancestral chromosomes occurred during formation of modern Ellobius karyotypes. The genus comprises five species (Carleton and Musser, 2005) whose diploid numbers vary from 17 (E. lutestens) to 54 (E. talpinus). The species E. lutestens, E. talpinus, and E. tancrei were compared using chromosome painting (Romanenko et al., 2007a; unpublished data) and its clear that E. lutestens has undergone a 'catastrophic' reshuffling of its chromosomes during its evolution. In spite of the high number of fusions, fissions and inversions detected, it was nonetheless possible to identify conserved elements that could be considered ancestral for Ellobius. In the case of E. tancrei and E. alaicus, a 'Robertsonian fan' was described (Lyapunova et al., 1980) . Chromosome painting showed that E. tancrei (2n¼30-54) has a complex karyotypic structure formed by racial hybridization, and that chromosomal diversity was accompanied by independent and repeated Robertsonian rearrangements (single and multiple), and possibly by whole-arm reciprocal translocations (Bakloushinskya et al., 2010) .
On the basis of the signatures revealed in different arvicolines, the ancestral karyotype of the Arvicolinae (2n¼56) appears to be identical to that proposed for Ellobius (Romanenko et al., 2007a) . It comprises: MMU 1/14/1, 1/17, 1/17/7/5/10/17, 2, 2, 2/13, 3, 3, 4, 4, 5/11, 5/16, 6, 6/12/17, 7, 7/19, 8, 8, 9, 10, 11/17/16, 12, 13/15, 14, 15 , 17/1/10/17, 18, X and Y. The ancestral Microtus karyotype (AMiK, Lemskaya et al., 2010) can therefore be derived by one fusion, that of MMU 6 and MMU 6/12/17, which resulted in the formation of MMU 6/17/12/6. Sigmodontinae A high degree of karyotype conservation was revealed for eight species of Sigmodon (Swier et al., 2009) . In contrast, the karyotypes of Akodon, Necromys and Thaptomys are highly rearranged. For example, Robertsonian and tandem fusion rearrangements, pericentric inversions and/ or centromere repositionings, paracentric inversions, translocations and insertions were observed in Akodon species (Hass et al., 2008; Ventura et al., 2009) . Cross-species FISH using murine probes suggest that MMU 8/13 may be a signature for the Sigmodontinae (Hass et al., 2011; Supplement Data 3) . Syntenies such as MMU 3/18 and 6/12 are combined in Akodon and Necromys. However, as most painting data for the group are incomplete we cannot draw definitive conclusion on the composition of a putative Sigmodontinae ancestral karyotype.
Neotominae
Although previously included in Sigmodontinae, 16 genera (many of New World rats and mice) are grouped in the Neotomyinae within the New World Cricetidae. Of these, conventional banding analysis showed a high degree of karyotypic conservation within Peromyscus: all species have 2n¼48. The number of chromosomal arms ranges from 52 to 92 because of variation attributable to heterochromatin additions and pericentric inversions (Robbins and Baker, 1981; Rogers et al., 1984) . On the basis of the painting data, it seem reasonable to consider the P. eremicus karyotype as being close to the putative ancestral state for Muroidea (Romanenko et al., 2007b) . However, there is some disagreement on the murine signatures found in P. eremicus and P. maniculatus (Romanenko et al., 2007b; Mlynarski et al., 2008) and broader taxon sampling is necessary for reconstructing the ancestral karyotype of the subfamily.
Calomyscidae
Mouse-like hamsters of the genus Calomyscus represent a striking example of speciation underscored by cytogenetic characters-morphologically similar species of mouse-like hamsters have different diploid and fundamental numbers, and specific sets of translocations (Graphodatsky et al., 2000) . Current cytogentic data confirm conclusions based on molecular studies that show Calomyscus to be the most basal clade within Muroidea (Jansa and Weksler, 2004; Romanenko et al., 2007b) .
Muridae
Muridae comprises B730 species and is larger than any other mammalian family. The examination of murid chromosomes using conventional cytogenetics allowed the detection of some notable features in their karyotypes including (i) extensive variation in diploid numbers-from 2n¼14 (Taterillus tranieri) to 2n¼74 (Gerbillus latastei), (ii) considerable interspecific differences in the amount and distribution of heterochromatin (Graphodatsky, 1989) , (iii) the presence of supernumerary chromosomes in many species (Trifonov et al., 2002) and (iv) sex chromosomes systems that differ from the conventional XX/XY.
Representatives of the Muridae were the first rodents studied by chromosome painting (Scherthan et al., 1994) and today some 29 species from three subfamilies have been investigated (Table 1) using different sets of probes. Generally, murid genomes have been extensively reorganized during evolution. However, some species with conserved genomes have been identified. For example, a single chromosomal rearrangement distinguishes Apodemus (Matsubara et al., 2004; Stanyon et al., 2004) and relatively high genome conservation was established for species within Rattus and Tokudaia, representatives of the tribe Rattini (Guilly et al., 1999; Stanyon et al., 1999; Cavagna et al., 2002; Nakamura et al., 2007; Badenhorst et al., 2011) .
The most likely Ancestral Murinae Karyotype had 2n¼46 and contained following associations of mouse chromosomes: MMU 1, 2, 2/13, 3, 4, 5/6, 5/11, 7/19, 8, 8, 9, 10/17, 10/17, 11/16, 12/17, 13/15, 14, 14, 15, 16, 17/1/17, 18 , X and Y. However there could be three segments of MMU 5 and MMU 10, and MMU 4 and MMU 9 may have been present in two fragments and not in one (Supplement Data 5), thereby collectively increasing the ancestral 2n to 54.
OVERVIEW OF KARYOTYPE EVOLUTION IN RODENTS
In order to reconstruct the putative ancestral karyotypes at some of the major nodes of the Rodentia tree, we combined all available painting data and attempted to identify shared syntenic associations between lineages. These shared ancestral (and hence symplesiomorphic) elements were considered to be a part of the ancestral karyotype under consideration. In those instances where syntenic arrangements were different between closely related taxa (for example, chromosomal segments 1 and 2 were fused in species A, but disrupted in its sister species B) outgroup comparisons were used (Dobigny et al. 2004) to determine the ancestral state. In this example, the fused presence of chromosomal segments 1 and 2 in a distantly related species C, suggests that this is the ancestral condition shared with species A.
An Ancestral Karyotype of Rodentia (RAK) was proposed (Graphodatsky et al., 2008) that suggested the associations HSA 8/12 and 15/20 may define rodents. Originally, HSA 1/10p and 9/11 were considered ancestral for Glires (the cohort combining Rodentia and Lagomorpha). However, the most recent glirid painting data showed the absence of HSA 9/11 and 3/19 in Eliomys. In the light of these findings, we concur with Sannier et al. (2011) that the occurrence HSA 9/11 cannot be unequivocally explained. It could be a result of convergence in some lagomorphs, sciurids and myomorphs, or it may represent an ancestral feature that was lost in certain branches. The association HSA 3/19 was found in all Carnivora and one eulipotyphlan species, as well as in all studied species of Sciuridae and Anomaluromorpha. Consequently questions about its presence in the RAK remain open. Syntenies such as HSA 3/21, 4/8p, 7/16, 12/22, 14/15, 16/19 are shared with other eutherians (FergusonSmith and Trifonov, 2007) . We consequently placed the RAK at the base of the tree and tracked its reorganization during rodent evolution.
Molecular phylogenies are not universally consistent, but they all consider Sciuromorpha as a basal clade within Rodentia (Huchon et al., 2002; Adkins et al., 2003; Debry, 2003; Blanga-Kanfi et al., 2009; Churakov et al., 2010) . The fusion HSA 8/12 (resulting in the HSA 8/ 4/8/12/22 association) could be the single rearrangement distinguishing the Ancestral Sciuromorpha Karyotype from RAK. All sciurids share following associations: HSA 1/8, 2/17, 7/22, 10/13, 15/20 (Richard et al., 2003; Li et al., 2004 Li et al., , 2006a Graphodatsky et al., 2008; Beklemisheva et al., 2011) . Thus, only five fusions are needed to explain the derivation of the Sciuridae Ancestral Karyotype from that of the putative ancestral Sciuromorpha karyotype. Many more rearrangements (12 fissions and 12 fusions) are needed to form a putative ancestral Rodentia karyotype from that of the ancestral Gliridae (Sannier et al., 2011) .
Suborders Anomaluromorpha, Hystricomorpha, Myomorpha and Castorimorpha form a single clade based on the presence of HSA 1/7, the disruption of the HSA 7/16 synteny, and the fissions of HSA 1, 4, 5, 6, 11, and 15 in karyotypes of all studied representatives. There is also a possibility that the HSA 10/16 association may be ancestral for the clade. The HSA 8 and HSA 19 association was found in different rodent species (that is, Castor fiber, P. capensis), but this involved different non-homologous fragments of HSA 8 so it cannot be considered ancestral for the group. The absence of HSA 1/10 was previously proposed as a signature for a clade comprising Anomaluromorpha+Myomorpha+Castorimorpha but this association was subsequently detected in karyotypes of M. musculus and R. norvegicus (Ensembl Mouse web site (http://www.ensembl.org); Nilsson et al., 2001) . HSA 1/10 was not present in the Cavia karyotype. Finally, we conclude that the putative ancestral karyotype of Anomaluromorpha, Hystricomorpha, Myomorpha and Castorimorpha had a 2n¼60 (or 2n¼62 if the HSA 1/10 association in myomorphs and sciuromorphs is convergent) that consisted of HSA 1, 1/7, 1/10, 2, 2, 3, 3/19, 3/21, 4, 4, 4/8, 5, 5, 6, 6, 7, 8, 9/11, 10/16, 11, 12/22 (twice), 13, 14/15, 15, 16/ 19, 17, 18, 20, X and Y. The following rearrangements offer a striking confirmation of the close evolutionary relationship of Myomorpha and Castorimorpha: HSA 5/17 (it is absent in Mus and Rattus, but present in Sicista), HSA 11/15 and fission of HSA 14/15 (Graphodatsky et al., 2008) . However, the use of different methods of analysis (DNA sequences for myomorph genomes and chromosome painting for castorimorphs) could give inconsistent results because of resolution differences of the analyses. For example, HSA 5/17 was not detected in the mouse and rat karyotypes by FISH and a disruption of ancestral eutherian synteny HSA 14/15 occurred in hystricomorphs (Cavia). Moreover, all representatives of Hystricomorpha, Myomorpha and Castorimorpha studied have three fragments of HSA 12 in their karyotypes. These features corroborate our suggestion that Hystricomorpha is intermediate between Anomaluromorpha and Myomorpha+Castorimorpha. Although such an arrangement contradicts the latest data based on painting with human probes, sequencing of nuclear genes and the distribution of short interspersed elements all place Hystricomorpha in a basal position to the Anomaluromorpha+Myomorpha+ Castorimorpha clade (Ferguson-Smith and Trifonov, 2007; BlangaKanfi et al., 2009; Churakov et al., 2010; Horn et al., 2011) . We therefore consider the fission of HSA 14/15 and the disruption of HSA 12 onto three fragments as convergent events that took place independently in hystricomorphs, myomorphs and castorimorphs.
Despite some gaps in Cavia and human whole genome homology maps, we were able to demonstrate a 'catastrophic' reorganization of the hystricomorph karyotype-as many as 29 fusions and 31 fissions were detected when compared with the RAK. The evolution of the C. fiber karyotype was accompanied by a smaller number of rearrangements-these included disruptions to HSA 1/7, 1/10, 3/19, 9/11, 16/19 and the presence of 8 fusions.
Within Myomorpha the karyotype of only one species (Sicista betulina) was studied using human painting probes (Graphodatsky et al., 2008) . This species falls within Dipodoidea, which represents a basal branch in Myomorpha (Jansa and Weksler, 2004; Steppan et al., 2004) . Two other species (M. musculus and R. norvegicus) were compared with human using non-painting approaches (that is, based on full genome sequencing data) but the resolution of the methods differs greatly thus precluding the construction of an ancestral karyotype for Myomorpha.
As a result of the extent of genomic reshuffling in muroid rodents, conserved syntenies are referenced to mouse rather than to human chromosomes. Reciprocal chromosome painting between mouse/ golden hamster and golden hamster/field vole (Romanenko et al., 2006; Lemskaya et al., 2010) provided an opportunity to include cricetid and arvicolin comparisons in the myomorph investigation. Here, we examined the karyotype evolution of Muroidea based solely on mouse chromosome associations.
The analysis of chromosomal signatures in different muroid karyotypes suggests a 2n¼52 for the Ancestral Muroidea Karyotype (AMK) (Figure 1 ). The AMK differs from the one proposed earlier based on a wide range of hamster species comparison but that included few murids (Romanenko et al., 2007b) . It is also possible that MMU 5/14 and MMU 11, which were syntenic in the AMK were disrupted in the Calomyscus branch. In this case, the AMK was identical to the common ancestral karyotype of Cricetidae and Muridae. The 2n¼52 karyotype of Calomyscus sp. differs from the proposed AMK by four fusions and four fissions.
The evolution of the Ancestral Cricetidae Karyotype (Figure 1 ) was accompanied by a small number of fissions (MMU 17 twice) and fusions (MMU 17/1+MMU 10/17, MMU 1+17 and MMU 6+17) of ancestral chromosomes. If MMU4 was present as two segments, then Ancestral Cricetidae Karyotype would have been 2n¼50.
In view of the disagreements in painting results obtained for two Neotomyinae species (Mlynarski et al., 2008; Romanenko et al., 2007b) , it was not possible to unequivocally define the type and number of rearrangements for Peromyscus. The partial hybridization of M. musculus probes to four Akodon species does not provide sufficient data to reconstruct the ancestral karyotype for Sigmodontinae, and to define the number and types of rearrangements for the different branches.
The ancestral karyotype common to the Arvicolinae and Cricetinae probably had 2n¼52 or 50 (it depends on the number of segments homologous to MMU14) and contained the following associations: MMU 1/17, 1/17, 2, 3, 4, 4, 5/16, 6, 6/17, 7, 7/19, 8, 8/2/13, 9, 10, 10/ 17, 11/5/14, 11/17/16, 12, 12/17, 13/15, 14, 15 , 17/1/10/17, 18, X and Y. The subsequent formation of the Ancestral Cricetinae Karyotype was accompanied by two fusions (Romanenko et al., 2007b) . As mentioned above, the putative ancestral karyotype of Arvicolinae may be identical to that of Ellobius and can be derived from the Ancestral Cricetidae Karyotype by nine fissions and seven fusions (Romanenko et al., 2007a) .
The Ancestral Muridae Karyotype (Figure 1 ) differs from that of the common ancestor of Cricetidae and Muridae by at least five fissions and five fusions. The chromosome number of Ancestral Muridae Karyotype ranges from 2n¼50 to 2n¼56 because of variable interpretations of the number of segments homologous to MMU 4, 5 and 10. Although the sequence-based Muridae phylogeny is controversial (Conroy and Cook, 1999; Martin et al., 2000; Michaux et al., 2001; Jansa and Weksler, 2004; Steppan et al., 2004; Blanga-Kanfi et al., 2009) , we propose that two fusions (synteny MMU 5/6 and fusion of two segments homologous to different parts of MMU 9) occurred during the formation of the Ancestral Murinae Karyotype (with 2n¼46-52). The various generic associations suggested in Murinae by sequence-based phylogenies could not be verified using painting data. The types and numbers of rearrangements that are thought to lead to the ancestral karyotypes of each genus are shown in Figure 2 . These data prompted us to revise the diploid chromosome number previously proposed for the Mus-group (2n¼46 to 2n¼44 and which combines subgenera Coelomys, Nannomys, Mus and Pyromys). It seems more plausible that the ancestor of the subgenera had three segments homologous to MMU 5 as reported by Veyrunes et al. (2006) . Considering that most Murinae have the MMU 13/15 association in their karyotypes, we suggested that MMU 13/15 was present in the ancestral karyotype of the Mus-group, and not the MMU 13/15/13 configuration suggested by Veyrunes et al. (2006) .
A high number of species and elevated rates of chromosomal change make rodent karyotypes particularly informative for building and improving existing phylogenies. However, it is clear that the incorporation of new species in future molecular cytogenetic studies and the application of new molecular markers would result in better understanding of rodent evolution.
RATES OF KARYOTYPE EVOLUTION
Although the numbers of autosomal segments scored in comparative chromosome painting experiments include hemiplasic (Avise and Robinson, 2008) and homoplasic segments, they nonetheless remain good indicators of the level of genome conservation. The numbers of human autosomal conserved segments detected in sciurid genomes vary from 35 to 36 (Table 1) . Generally, the genomes of sciurids are highly conserved and most closely reflect the putative ancestral genome of all rodents. Investigations of glirids, castorimorphs and anomaluromorphs detected slightly higher numbers of human autosomal segments in their karyotypes. Hystricomorph painting indicated a high level of Cavia genomic reshuffling (471 conserved segments). The only representative myomorph species (Sicista betulina; Graphodatsky et al., 2008) had 62 autosomal conserved segments when analyzed by FISH using human probes.
Generally, the rates of karyotype evolution differ in various branches of rodent phylogenetic tree. Even within a single family it is not unusual to find genera with low rates of reorganization (for example, Apodemus species) and those whose genomes are extensively rearranged (Mus species). Rough estimates show that rates may vary as much as 10 times across different branches of the muroid tree (Veyrunes et al., 2006) .
CONCLUSIONS
In recent years, modern cytogenetics has contributed significantly to studies of evolutionary relationships among mammals. Chromosome painting has resulted in novel discoveries and has extended previous conclusions drawn from conventional comparative banding data. Nowhere is this more apparent than in rodents where high species diversity and extensive genome reshuffling has produced unparallel opportunities for studying chromosomal evolution in mammals.
It is clear, however, that future studies should focus on problematic and uninvestigated branches in Rodentia, particularly in Myomorpha. These should include pivotal lineages such as Laonastes and gundis, basal murids and jerboas and combine refinements in methodology that would permit the detection of smaller rearrangements (such as multicolor banding and mapping using bacterial artificial chromosomes). Importantly, the absence of reciprocal painting in most studies makes it currently difficult to unambiguously define chromosomal characters because of the questionable homology of supposedly syntenic fragments. Finally, although prospective studies will undoubtedly benefit greatly from the whole genome analysis of different rodents (see the Genome 10K Project proposed by the Genome 10K Community of Scientists, 2009), their selection will, in part, be directed by detailed karyotypic descriptions resulting from molecular cytogenetic investigations such as those outlined in this paper.
